Aspirin (ASA) and dexamethasone (DEX) are widely used anti-inflammatory agents yet their mechanism(s) for blocking polymorphonuclear neutrophil (PMN) accumulation at sites of inflammation remains unclear. Here, we report that inhibition of PMN infiltration by ASA and DEX is a property shared by aspirin-triggered lipoxins (ATL) and the glucocorticoid-induced annexin 1 (ANXA1)-derived peptides that are both generated in vivo and act at the lipoxin A 4 receptor (ALXR/FPRL1) to halt PMN diapedesis. These structurally diverse ligands specifically interact directly with recombinant human ALXR demonstrated by specific radioligand binding and function as well as immunoprecipitation of PMN receptors. In addition, the combination of both ATL and ANXA1-derived peptides limited PMN infiltration and reduced production of inflammatory mediators (that is, prostaglandins and chemokines) in vivo. Together, these results indicate functional redundancies in endogenous lipid and peptide anti-inflammatory circuits that are spatially and temporally separate, where both ATL and specific ANXA1-derived peptides act in concert at ALXR to downregulate PMN recruitment to inflammatory loci.
Inflammation plays a key role in many prevalent diseases such as arthritis, and there is increased appreciation that atherosclerosis and Alzheimer disease also share uncontrolled inflammation as part of their etiology 1 . The anti-inflammatory and analgesic actions of ASA have been well known for more than 100 years [2] [3] [4] [5] [6] [7] . At low doses, ASA displays newly recognized beneficial actions including prevention of cardiovascular diseases not shared by other non-steroidal anti-inflammatory drugs 3 , that may also extend to cancer treatments 4, 5 . Dating from the early work of Hench et al. 8 , glucocorticoids are also widely used to treat inflammatory diseases. Although prolonged treatment with either ASA or glucocorticoids is widely used, each is associated with an unacceptably high level of adverse side effects 9, 10 . Thus it is important to understand their action in order to have new approaches to controlling unwanted inflammation. Control of PMN functions is critical in the amplification of inflammation. ASA and glucocorticoids each independently share the ability to inhibit a key first step in inflammation, namely leukocyte-endothelial adhesion 11 . The molecular basis, however, underlining their anti-PMN activity remains of interest because their elucidation could shed light on novel pathways that might be useful in sparing unwanted side effects of these agents.
Impact of combined ASA and DEX on neutrophil extravasation
To this end, we addressed whether ASA and glucocorticoids have overlapping components in their therapeutic actions, namely regulation of PMN trafficking (Fig. 1) . Using a murine dorsal air pouch inflammation that is widely studied and likened to features of rheumatoid synovium 12 , we evaluated the combined impact of ASA and DEX in regulating PMN recruitment to inflammatory sites and exudate formation with the microbial particle Zymosan A. Administration of both agents (10 µg DEX and 1 mg ASA) into pouches gave statistically significant inhibition of Zymosan A-driven PMN infiltration (∼76%) (Fig. 1) . For direct comparison, when administrated alone, DEX (10 µg) gave 53% and ASA (1 mg) 36% inhibition ( Fig. 1) . This is consistent with results of early studies with human rheumatoid arthritis patients where low-dose DEX and ASA in combination was found to be a highly effective anti-inflammatory therapy 13 . Also, the results in Fig. 1 suggest that the inhibitory actions of DEX and ASA in combination on PMN trafficking in vivo may involve pathways in addition to those already appreciated for these agents when used independently [8] [9] [10] [11] . Of the various hypotheses proposed for glucocorticoid's antiinflammatory action, attention initially focused on annexin 1
Endogenous lipid-and peptide-derived anti-inflammatory pathways generated with glucocorticoid and aspirin treatment activate the lipoxin A 4 receptor ARTICLES (denoted earlier as lipocortin 1) 14 . Annexin 1 (ANXA1) is a protein of 346 amino acids and a member of the annexin superfamily that is a highly abundant PMN-derived protein induced by glucocorticoids in vivo. Both ANXA1 as well as its enzymatically generated ANXA1-derived peptide (for example. peptide Ac2-26, or Ac-AMVSEFLKQAWFIENEEQEYVQTVK) are potent inhibitors of PMN transmigration and phagocytosis in vitro and in vivo 15, 16 . Along these lines, in addition to inhibiting formation of both prothrombotic and pro-inflammatory eicosanoids 6, 7 , ASA treatment was more recently shown to trigger formation of endogenous anti-inflammatory lipid mediators 17 . These mediators are generated, for example, when ASA acetylates cyclooxygenase-2 and initiates the generation of 15-epimeric lipoxin A 4 (LXA 4 ), termed aspirin-triggered LXA 4 (ATL). Like other autacoids, both ATL and their lipoxygenase-derived carbon 15 epimers, the native lipoxins, are generated and act locally, followed by rapid inactivation via metabolic conversion. Metabolically stable analogs of LXA 4 and ATL were designed to resist rapid enzymatic inactivation that prolongs their actions. These compounds display potent anti-PMN actions and act with high affinity (K d ∼0.5 nM) at a G protein-coupled receptor, LXA 4 receptor (ALXR; also referred to as formyl peptide receptor-like 1 or FPRL1) 17 . Along with its endogenous anti-inflammatory lipid ligands, ALXR/FPRL1 also directly interacts with selective peptides that are revealed during tissue damage in situ to evoke PMN necrotaxis 18 . These independent observations raised the possibility that DEX-and ASA-generated endogenous mediators might share some common pathways governing leukocytes in inflammation. To test this, we first questioned whether ANXA1-derived peptides themselves might interact with human PMN ALXR/FPRL1. The two pathways converge at a shared receptor.
[ 3 H]LXA 4 was prepared for direct ligand binding with human embryonic kidney (HEK) 293 cells expressing human ALXR. Both ANXA1-derived peptide Ac2-26 and a shorter peptide denoted Ac2-12 (Ac-AMVSEFLKQAW) competed for specific [ 3 H]LXA 4 binding with similar affinities (50% inhibitory concentration (IC 50 ) ∼0.3 µM) (Fig. 2a) . To determine whether ANXA1-derived peptides directly bind recombinant ALXR/FPRL1, we prepared [ 125 I-Tyr] Ac2-26 peptide (corresponding to the major portion of the N-terminus of ANXA1), which gave specific and saturable binding with a K d value of ∼0.9 µM (Fig. 2b,  inset) . The full-length ANXA1 protein itself also competed for [ 125 I-Tyr]Ac2-26 binding with similar affinity, whereas the Ac2-12 peptide gave an IC 50 of ∼20 µM. In contrast, a scrambled sequence peptide Ac2-6 did not compete for specific [ 125 I-Tyr]Ac2-26 binding (Fig. 2b) (Fig. 2c) ; this value b ARTICLES is comparable to that of ANXA1, suggesting that SAA and ANXA1 share recognition sites on PMNs for their action. As PMN adhesion is a key event that externalizes ANXA1, permitting its inhibitory actions in PMN recruitment 23, 24 , both lipid (LXA 4 ) and protein (SAA and ANXA1) ligand interactions with endogenous ALXR/FPRL1 were evaluated with adherent PMNs and compared with those of PMNs in suspension. Adherent PMNs gave specific [ 125 I-Tyr]Ac2-26 peptide binding with an apparent K d of ∼0.9 µM (Fig. 2d) , and both LXA 4 and SAA retained their ability to compete for specific [ 125 I-Tyr]Ac2-26 peptide binding. Taken together, these results provide the first direct evidence that ANXA1 as well as specific ANXA1-derived peptides directly interact with human PMNs as well as recombinant ALXR.
Next, we determined whether these ligands could evoke cellular responses via recombinant ALXR/FPRL1. We examined chemotaxis with cells expressing ALXR/FPRL1 together with Gqo chimera 18 . Although ATL analogs inhibit PMN chemotaxis in vivo and in vitro, the presence of Gqo chimera enables this ligand-receptor interaction to drive chemotaxis as a reporter system in vitro. A stable analog of both LXA 4 and ATL, denoted ATL analog 1 (ATLa1; 15(R/S)-methyl-LXA 4 ) (Fig. 3a inset) gave clear chemotaxis responses (Fig. 3a) , whereas the Ac2-26 peptide at concentrations greater than 1,000 times that of ATLa1 did not. This peptide markedly inhibited ATLa1-evoked reporter cell (Gqo chimera-ALXR) chemotaxis in a concentration-dependent manner (Fig. 3b) . These findings indicate that the ANXA1-derived peptide and ATLa1 can act at the same recombinant ALXR/FPRL1, yet each ligand evoked different responses using this Gqo reporter system. This was also demonstrable with human PMNs. With the primary cells in vitro, the peptide Ac2-26 displays a chemotactic activity (Fig. 3c) , and checkerboard analysis indicated a chemokinetic activity as well (data not shown). In contrast, ATLa1 alone at 10-100 nM did not evoke chemotaxis, but clearly blocked Ac2-26 evoked chemotaxis. Together with results with recombinant receptors ( Fig. 3a and b) , they indicated that Ac2-26 and ATLa1 interact with the same PMN receptor (Fig. 3c ).
Endogenous ANXA1/ALXR association in activated PMN
Recently, results from studies on the ANXA1-derived peptides and inhibition of PMN chemotaxis in vitro implicated that these peptides could interact with GPCRs related at the nucleotide sequence level to ALXR/FPRL1-namely one of the formyl peptide receptors (FPRs) 25 . However, direct evidence for specific binding of the ANXA1 peptides or full-length protein to either human 25 or mouse 26 FPRs was not demonstrated, and ANXA1 interactions with circulating leukocytes or peritoneal macrophages was only partially (∼40%) diminished in FPR-deficient mice 26 . Thus, the involvement of FPRs in the inhibitory actions of ANXA1 and its bioactive peptides remained indirect because the conclusions drawn relied heavily on the use of FPR receptor antagonist: the Boc compounds that can also partially compete at ALXR/FPRL1 (see Supplementary Fig. B online; panels a and b showing that Boc1 compound blocked the effect of SAA, a selective ALXR/FPRL1 ligand). Also, results from FPR-deficient mice may not be conclusive because they were not characterized for potential compensatory changes in related murine receptors or direct ligand binding. Moreover, these findings suggested that additional, possibly related, receptors were responsible for most of the inhibitory actions of ANXA1 in vivo and in human disease. Along these lines, the ANXA1 peptide Ac2-26 as well as human recombinant ANXA1 (hrANXA1) even at high concentrations (for example, 10 µM and 0.5 µM, respectively) did not affect the cellular response of human PMNs produced by subsequent addition of fMLP (85 ± 4% of the fMLP response; n = 4, P > 0.05) (Fig. 3d) . Thus, ANXA1 and fMLP each evoke responses via distinct and separate receptors on human PMNs. Notably, the Ac2-26 peptide response with PMNs (that is, calcium mobilization) ( Supplementary Fig. B online; panel c) was partially blocked by genistein, a tyrosine kinase inhibitor that also modulates LXA 4 -regulated PMN transmigration and adhesion 27 . The Ac2-26 response further suggests that ANXA1 and LXA 4 can share some intracellular signaling pathway(s) in PMNs (Figs. 2 and 3 ). The direct interaction between ANXA1 and ALXR/FPRL1 was further substantiated via immunoprecipitation with human PMNs. PMNs were activated with either PMA or fMLP to adhere cells and bring ANXA1 on the cell surface 24 to detect ANXA1 interaction with its putative receptor. With adherent PMNs, immunoreactive bands of ∼70 kD, corresponding to the mass of human ALXR/FPRL1 (ref. 28) , was co-immunoprecipitated by specific antibodies against ANXA1, demonstrated by westernblot analysis using specific antibody against ALXR (Fig. 4a,  upper panel) . Also, immunoreactive bands of ∼36 kD, consistent with molecular masses of ANXA1, were obtained by co-immunoprecipitation with anti-ALXR, followed by western blot using anti-ANXA1 (Fig. 4a, lower panel) . In comparison, ANXA1 and ALXR/FPRL1 were not co-immunoprecipitated with non-adherent PMNs (control; see Fig. 4a ). The need for PMN activation to bring about ANXA1-ALXR/FPRL1 interaction was also seen with murine cells, as a much stronger signal was detected in inflamed air-pouch cells compared with blood-borne PMNs (Fig. 4b) . Thus, these results indicate direct protein-protein interaction between endogenous ANXA1 and ALXR/FPRL1 when PMNs adhere in vitro and extravasate in vivo.
Generation of endogenous ATL and ANXA1
Next, we examined whether these anti-inflammatory mediators (for example, ANXA1 and ATL) are generated in murine airpouch exudates when DEX and ASA are administered. In combination, low doses of DEX (3 µg) and ASA (300 µg) gave 42% inhibition of Zymosan A-initiated PMN infiltration at both 4 and 16 hours (Fig. 4c) . 15-epi-LXA 4 (ATL) was generated and present in ASA-treated animals at 4 hours that diminished by 16 hours (Fig. 4d) . Without administration of ASA, animals gave very low 15-epi-LXA 4 (∼500 and ∼200 pg per pouch at 4 and 16 hours, respectively). In this regard, Zymosan A can stimulate some 15-epi-LXA 4 generation via ASA-independent pathways, as its precursor 15R-HETE is also produced by p450-dependent mechanisms, and lipoxygenases can produce low levels of the R epimers 29 . In comparison, ANXA1 generation was low at 4 hours and much higher at 16 hours (Fig. 4e) . Together, these results indicate different time courses for the generation of lipid (that is, ATL) versus protein (ANXA1) mediators during the host inflammatory response, and they suggest that ALXR/FPRL1 could regulate PMNs by interacting with each class of ligands within specific phases of the inflammatory response. This spatial and temporal difference between the two ligand-receptor pairs in vivo likely explains the K d values for each observed in vitro (Figs. 2 and  4) . As previously suggested 24, 25 , a further consideration is needed regarding the bioactive levels of ANXA1 and its peptides in vivo: it is still speculative but highly likely that the actual amounts of ANXA1 and its peptides within the microenvironment where they are generated (that is, by the adherent PMNs and surrounding tissue matrix) may be much higher than that measured within the solubilized materials quantified in biological fluids.
Synergism between ATLa and ANXA1 peptide
In view of these considerations, we tested in vivo whether administration of exogenous ATL could inhibit Zymosan A-initiated PMN infiltration and if ANXA1-derived peptides share this inhibitory property. Intravenous delivery of ANXA1-derived peptides (for example, Ac2-26, Ac2-12 and Ac2-6) inhibited PMN infiltration in a dose-dependent fashion whereas the non-physiologically scrambled Ac2-6 peptide sequence, which did not compete at ALXR/FPRL1 (Fig. 2b) , did not share this action (Fig.  5a ). Intravenous delivery of the stable analog of ATL (5 µg per mouse; ∼12 nmol), denoted ATL analog (ATLa; 15-epi-16-(parafluoro)-phenoxy-LXA 4 ) gave ∼40% inhibition comparable with that obtained with 100 µg (∼33 nmol) peptide Ac2-26 (see Fig.  5b ) (compare inhibition of TNF-α-induced PMN infiltration 30 ). Functional synergism was observed with lower doses of ATLa (1 µg or 2.4 nmol) and peptide Ac2-26 (10 µg or 3.3 nmol) (Fig. 5b) . Fig. 5b Ac2-26 were each potent inhibitors of PMN infiltration, and synergism was achieved with a combination of sub-threshold doses of both agents. Inhibition with ATL and ANXA1-derived peptides was also demonstrated with other markers of inflammation including macrophage inflammatory protein-1α (MIP-1α) and prostaglandin E 2 (PGE 2 ), which were both inhibited in these mice ( Supplementary Fig. C online) .
Results in
Histological analysis showed that Zymosan A gave a markedly increased number of PMNs in the skin-tissue linings surrounding the pouch cavity (Fig. 5c) ; this number was reduced by ATLa, Ac2-26 and their combination. The degree of PMN tissue trafficking was reduced to the level observed without Zymosan A challenge. These findings, together with the radioligand binding and immunoprecipitation results (Fig. 2 and 4 ), indicate that a shared site of action on PMNs is responsible for the anti-PMN properties of ATL and ANXA1 as well as their mimetics. Recently it is reported that a phosphatidylserine-specific receptor was critical for the clearance of apoptotic cells and that this may be a critical point for modulating resolution 31 . Along these lines, lipoxin A 4 stimulates monocytes/macrophages in a nonphlogistic fashion to enhance the uptake of apoptotic neutrophils 32 , an activity also shared by glucocorticoids 33 .
Discussion
Production of ANXA1-derived peptides is activated in vivo during the process of PMN extravasation 23 , and within bronchoalveolar lavage fluids from patients with cystic fibrosis, where processing of ANXA1 at its N-terminal portion seems to be cleaved by PMN-derived elastase 34 . Notably, several other naturally occurring peptides also exhibit inhibitory actions in cell adhesion and migration with other leukocyte subclasses. Interleukin-2 (IL-2) peptides, for example, generated by PMN elastase inhibit IL-2 induced T-cell adhesion and migration 35 .
Thus, endogenously generated peptides derived during inflammation or from inflammation-induced proteins may serve as feedback inhibitors to terminate and/or halt the amplification of inflammation and could work together with lipid mediators such as LXA 4 and aspirin-triggered lipid mediators to promote resolution. In summary, our results are the first to indicate that both ANXA1 and ATL directly interact with human ALXR/FPRL1. By convergence at the same anti-inflammatory receptor, these two structurally distinct endogenous systems, namely lipid-derived (for example, ATL) and protein-derived (for example, ANXA1) mediators, limit PMNs in vivo. This overlap may have evolved to ensure that inflammation loci remain local, walled off and selflimited, as well as to protect from self-damage from within. Because several related sequences are present in this cluster of GPCRs (ref. 36) (for example, FPRL2 etc.), it is likely in view of these results and those of others that additional endogenous ligands may share these functions. Moreover, impingement of these natural endogenous systems by popular therapies such as ASA and DEX may, at least in part, underlie the proven efficacy of the combination of DEX and ASA in controlling rheumatic diseases 13 and the success of their individual use this past century. These systems likely represent functional redundancies in endogenous anti-inflammation circuits that unveil presently unappreciated mechanisms operative in governing PMN responses in host defense, and they now open new avenues for approaches such as combination therapies.
Methods
Inflammation in vivo. PMN migration and mediator formation were assessed using 6-day-old murine air pouches in Swiss Albino mice (n = 8 per group). After Harvard Medical Area IRB approval (Protocol #02570), and approval by the Home Office UK Project License (PPL70/4804), compounds a b c ARTICLES (for example, ASA, DEX, ATLa, ANXA1 and ANXA1 mimetics) were delivered as bolus injections either into the tail vein in 100 µl PBS (ATLa, ANXA1 and its mimetics) or locally into air pouches in 100 µl PBS (ASA and DEX). Zymosan A (1 mg/0.5 ml saline) was locally injected into the air pouches 15 min later to induce inflammation 37 . 4 or 16 h later, air pouches were washed with 2 ml PBS containing 25 U/ml heparin, and PMNs were counted by light microscopy following staining in Turk's solution. Cell-free lavage fluids were used for quantification of mouse MIP-1α and PGE 2 using available ELISAs (R&D System, Oxford, UK and Amersham, Buckinghamshire, UK). 15-epi-LXA 4 generation was also determined using an ELISA specific for the 15R epimer as described 29 . ANXA1 generation was determined by western-blot analysis using specific antibodies to ANXA1. For microscopic analysis, tissues were obtained with a 6-mm tissue biopsy punch and fixed in 10% buffered formaldehyde. Samples were then embedded in paraffin, sliced and stained with H&E.
Preparation of labeled ligands. [11,12- 3 H]LXA 4 -methyl ester was prepared with Schering AG (Berlin, Germany) using acetylenic-LXA 4 -methyl ester as precursor (prepared with N.A. Petasis) essentially as described 18 , and was a gift of H.D. Perez. [11, H]LXA 4 -methyl ester was isolated and purified using a Hewlett Packard (San Fernando, California) 1100 Series Diode Array Detector (DAD) equipped with a binary pump and eluted on a Beckman (Fullerton, California) Ultrasphere C18 column (250 × 4.5 mm, 5 µm) 18 . To minimize chemical degradation of [11, ) . Aliquots (0.5 × 10 6 /ml HEK293 or 5 × 10 6 /ml PMNs) were incubated with 1 nM of [11,12- 3 H]LXA 4 (∼60,000 c.p.m., specific activity ∼10 Ci/mmol), [5, 6, 8, 9, 11, 12, 14, 15 -3H]LTB 4 (∼20,000 c.p.m., specific activity ∼200 Ci/mmol, from NEN, Boston, Massachusetts) or 30 nM [ 125 I-Tyr]Ac2-26 (∼80,000 c.p.m., specific activity ∼1,171.5 Ci/mmol), in the absence or presence of increasing concentrations of unlabeled compounds for 40 min at 4 °C. The bound and unbound radioligands were separated by filtration through Whatman GF/C glass microfiber filters (Fisher, Pittsburgh, Pennsylvania) 18 . Non-specific binding was determined in the presence of 1 µM of unlabeled homoligands. To obtain adherent PMNs, freshly isolated PMNs were plated in collagen-coated 6-well plates (5 × 10 6 /ml) in the presence of low-dose (1 nM) PMA for 30 min. Cells were washed with DPBS and [ 125 I-Tyr]Ac2-26 binding was carried out with adherent cells using the conditions described above. The unbound radioligands were aspirated and cells washed with DPBS. The adherent cells were then lysed with scintillation mixture and radioactivity determined.
Chemotaxis. Chemotaxis was carried out using a microchamber technique (chemotaxis chamber from Neuro Probe, Cabin John, Maryland) 18 . Chinese hamster ovary (CHO) cells expressing ALXR and Gqo chimera (from B. Conklin) or freshly prepared human PMNs (ref. 24) were incubated with vehicle or peptide Ac2-26 for 30 min at 37 °C and added to the upper wells of chemotaxis chamber (5 × 10 4 cells per well). After incubation for 4 h at 37°C , polycarbonate membrane was removed, stained with a Diff-Quick staining kit (Dade Behring, Newark, Delaware) and migrated cells enumerated. Chemotaxis index was calculated as the mean number of cells that migrated toward medium containing chemoattractant solution divided by the mean number of cells migrated toward the medium containing vehicle only.
Ca
2+ mobilization. Changes in the cytosolic-free calcium concentration were monitored in human PMNs loaded with 1 µM fura 2/acetoxymethylester (Molecular Probes, Leiden, Holland) at 37 °C for 1 h. Fura 2 fluorescence was performed with aliquots of 5 × 10 6 PMNs in 2 ml HBSS, using a fluorimeter (Jobin Yvon 3D, Lonjumeau, France), equipped with a thermally controlled cuvette holder and a magnetic stirrer.
Immunoprecipitation and western blotting. PMNs were freshly prepared from healthy volunteers by histopaque (Sigma-Aldrich Ltd., Poole, UK) gradient separation 24 . Mouse blood-derived PMNs were obtained by negative immunomagnetic separation 38 , whereas extravasated cells were collected from the air pouch exudates (see below). Human PMNs were plated in 6-well plates in the absence or presence of 0.1 µM PMA, or 0.1 µM fMLP to produce ∼80% adhesion (15 min at 37 °C). In all cases, cell extracts prepared from adherent PMNs were immunoprecipitated with either 10 µl rabbit serum against human ALXR peptide [ASWGGTPEERLK] at the second extracellular loop 28 or 5 µl antibody against ANXA1 (ref. 24) in the presence of phosphatase and proteases inhibitors. Immunoprecipitated proteins were subject to electrophoresis on a 12% SDS-PAGE gel and transferred onto ECL Hybond nitrocellulose membrane (Amersham, Buckinghamshire, UK). Membranes were further hybridized for ANXA1 or ALXR detection using the specific antibodies: anti-ANXA1 (1:10,000) or anti-ALXR rabbit serum (1:13,000). Immunoreactive proteins were detected using an enhanced chemiluminescence ECL kit from Amersham (UK).
Statistical analysis.
Results were expressed as the mean ± s.e.m. of distinct experiments (performed in triplicate) or in animals. In vitro experiments were analyzed by Student's t-test with P < 0.05 taken as statistically significant. Analysis of in vivo data was done with one-way ANOVA plus Dunnett's test.
Note: Supplementary information is available on the Nature Medicine website.
